Introduction
============

A widely held contention amongst contemporary scientists is that venom innovation is driven by convergent evolution of non-toxin encoding genes that undergo gene duplication and mutation giving rise to toxic functions ([@CIT0013]). Yet, the genetic origin of these non-toxic progenitors that subsequently become recruited and then evolve venom purposes remains obscure. Non-sexual transmission of genetic material between distantly related species is termed horizontal gene transfer (HGT, also known as lateral gene transfer \[LGT\]) and is recognised as a pervasive source of genetic novelty in prokaryotes ([@CIT0019]) and is widespread between animal associated microorganisms, probably due to increased cell-to-cell contact as a result of close physical proximity ([@CIT0017]; [@CIT0027]). In contrast, convincing examples of HGT in eukaryotic genomes are rare (Ku and Martin, 2016; [@CIT0024]), although genome sequencing is increasingly highlighting prospective HGT events in both animals and plants ([@CIT0009]; [@CIT0021]; [@CIT0033]).

To date, only three examples of possible HGT involvement in venom evolution have been reported and include the toxin sphingomyelinase D (SMase D), which is found almost exclusively in *Loxosceles* and *Sicarius* spider venoms ([@CIT0002]). Comparison of SMase D sequences have shown a shared C-terminal structural motif suggesting HGT from bacteria to spiders has resulted as a single divergent event in the evolution of this toxin family ([@CIT0007]). A second example of possible HGT leading to toxin diversification is that of the aerolysin family of pore-forming toxins. Clustering based on pairwise similarity and phylogenetic analysis support HGT from bacteria to the sea anemone *Nematostella vectensis*, with at least five other recurrent transfer events between distantly related species belonging to different kingdoms of life ([@CIT0026]). A third example of a likely HGT event is that of the GH19 chitinase (Glycoside hydrolase family 19) gene from a unicellular microsporidia yeast donor into parasitoid wasps. The GH19 chitinase gene was shown to be highly expressed in wasp venom glands and has not been found in any other sequenced animal genome or in any other fungal taxon, strongly reinforcing evidence that HGT is an innovation leading to genetic novelty in venom toxin recruitment in parasitoid wasps ([@CIT0025]).

By virtue of the functional importance of venom for prey capture and in defence against predation or deterrence of competitors, acquisition of the venom trait has been a key innovation that underpinned the explosive radiation of many animal species, including inhabitants of marine environments ([@CIT0006]). To begin our investigations into toxin diversification in Cnidaria ([@CIT0040]; [@CIT0036]), we took as our model marine venomous animal the reef building coral *A. digitifera* Dana 1846 (Cnidaria: Anthozoa: Scleractinia). A total of 55 predicted toxins encoded by the genome of *A. digitifera* could be annotated by homology to known animal toxins, and these could be grouped into 13 clusters with two or more sequences and 19 singlets. To our knowledge, *A. digitifera* has the greatest percentage of toxin encoding gene duplications reported in the genome of any venomous animal to date ([@CIT0008]; [@CIT0014]). Natterins are a family of 5 toxins isolated from the venom of the medically significant *Thalassophryne nattereri* fish, found in the Amazon River and tributaries of north and north-eastern Brazil. Natterins induce oedema, intensify nociceptive pain and cleave human kininogen releasing kallidin (Lys-bradykinin), thus provoking vasodilation ([@CIT0023]; [@CIT0022]). A single copy of a gene sequence with homology to natterin-4 was located during the annotation for putative toxin genes encoded by the genome of *A. digitifera* ([@CIT0014]). The genetic origin of this singlet gene was investigated using phylogenetic and experimental approaches to resolve whether the gene had been acquired following an episode of HGT.

Materials and Methods
=====================

Phylogeny
---------

Putative homologs of natterin-4 were identified by blastp (<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins>) searches against the NCBI NR protein database, using the BLOSUM 62 substitution matrix. Sequences corresponding to major animal and fungal phyla, with a blastp e-value of less than 1e-5, were used for phylogenetic analysis. Multiple sequence alignments were constructed using ClustalW and MUSCLE algorithms implemented in MEGA X (Kumar et al, 2016), using default settings. A further structure-based alignment was also built using the Expresso procedure from the open server of T-Coffee (<http://tcoffee.crg.cat/apps/tcoffee/do:expresso>). Structural alignment was performed using PDB structures 1W3GA (hemolytic lectin from the mushroom *Laetiporus sulphureus c*omplexed with two N-acetyllactosamine molecules) and 5MH1A (crystal structure of an IclR homolog from *Microbacterium* sp. strain HM58-2), identified by a blastp search against the PDB implemented in the T-Coffee expresso software. MEGA X software was used to construct maximum likelihood (ML) phylogenetic trees for all three multiple alignments, using the Le_Gascuel_2008 model ([@CIT0020]) with gamma-distributed rate of evolution (5 discrete categories). The model of evolution was selected based on AICc and BIC criteria scores determined by model selection framework implemented in MEGA X. Bootstrapping test with 500 bootstrap replicates was used to determine the confidence of phylogenetic trees.

To assess the robustness of the phylogenetic analysis, each of the multiple alignments was also used to reconstruct phylogenetic trees using Bayesian analysis implemented in MrBayes software (version 3.2.7, <http://mrbayes.sourceforge.net>). Bayesian analysis was performed with a mixed amino acid model (prset aamodelpr=mixed), a gamma distributed rate of evolution with 4 discrete categories (lset rates=gamma), and prior probabilities set to default values. A Markov chain Monte Carlo simulation was executed for 20,000,000 generations using 4 runs and 5 chains per run. The simulation convergence was confirmed by reviewing standard deviation of split frequencies and potential scale reduction values. The trees from MrBayes 3.2.7 were displayed by Figtree (<http://tree.bio.ed.ac.uk/software/figtree>).

In addition to phylogenetic analysis, homology between natterin-like sequences was assessed using the CLuster ANalysis of Sequences (CLANS) tool to construct a Fruchterman-Reingold graph-layout from all-against-all blastp searches ([@CIT0012]). The graph was constructed from pair-wise blastp results with e-value below 1.0e-10, and the network-based clustering implemented in CLANS was performed on the resulting graph. Sequences used for phylogenetic reconstruction, multiple alignments, results of model selection, detailed results of phylogenetic reconstruction, and MrBayes batch file are included as Supplementary [Figures S1-S4](#s1){ref-type="supplementary-material"}.

Fungal community profiling
--------------------------

Specimens of *A. digitifera* were collected from the northeast of Orpheus Island (18°34′19.5″S, 146°29′31.4″E) in the central Great Barrier Reef. The coral nubbins were air-blasted (80psi) with sterilised artificial seawater to remove coral tissue and associated microbes from the coral skeleton. Genomic DNA was extracted with a DNeasy PowerBiofilm Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The fungal ITS region was amplified with forward ITS1F 5′-CTTGGTCATTTAGAGGAAGTAA-3′ and reverse ITS4 5′TCCTCCGCTTATTATTGATATGC-3′ primer pairs (White et al, 1990; Gardes et al, 1993). PCR was carried out in 20 μl reactions that included 6.8 μl DNA template, 10 μl AmpliTaq Gold 360 Mastermix (Applied Biosystems, CA, USA) and 1.6 μl of each 10 μM fungal ITS primer. PCR conditions were: initial denaturation at 95°C for 10min; 35 cycles of 30sec denaturation at 95°C, 30sec annealing at 55°C and 60sec amplification at 72°C; followed by a 7min final extension and hold at 4°C. Amplification products were separated using agarose gel electrophoresis and PCR products of the expected size of 850bp were sequenced (Ramaciotti Centre for Genomics, University of New South Wales, Sydney, Australia) using the BASE protocol ([@CIT0003]) on an Illumina MiSeq, with 300bp paired-end sequencing targeting the fungal ITS region (ITS1F-ITS4). Bioinformatics processing of the Illumina datasets was performed using the QIIME 2 pipeline (<https://qiime2.org>, [@CIT0004]). The quality of the reads was visually assessed using FastQC, the reads were then filtered and trimmed to 270 bp using DADA 2 single-end reads ([@CIT0005]). Good quality sequences were then filtered with the UNITE database (UNITE Community 2017) with exclude-seqs and filter-feature command lines to remove *Symbiodinium* and host coral contaminating ITS sequences. A taxonomy classification was also executed using the UNITE database developer file of the QIIME 2 package. Fungal sequences were also aligned using ClustalW with other fungal ITS sequences extracted from the NCBI GenBank. Phylogenetic analysis was carried out with both Neighbor-Joining (NJ) and ML algorithms using MEGA 7.

Results and Discussion
======================

The gene sequence with homology to natterin-4 had the accession number adi_1.18989 in the open access annotated database of the *A. digitifera* genome ('ZoophyteBase', [@CIT0008]), and is also deposited in NCBI protein database (accession XP_015754265) and the UniProt database (UniParc accession UPI00077AABEE). Extra caution is advised when assigning possible HGT events in Cnidaria because of the potential for contamination of the sequencing template by a significant number of microorganisms harboured by these animals ([@CIT0035]). The natterin-4 encoding gene was unlikely to be of symbiont origin because it was located at position 1,014,831 to 1,017,287 on an assembly scaffold with the NCBI sequence accession number NW_015441109.1. This scaffold is large (1,039,139 bp) and the predicted taxonomy of genes that flanked 100 kb upstream and 21852 bp downstream of the natterin homologue could be assigned using a BLASTn search of the NR database with a 0.1 e-value cutoff. Annotation of these flanking regions was ascribed based on the highest scoring hits from the NR database and, the resultant 503 hits corresponded to stony coral sequences only, with no bacterial or fungal hits detected. This implied that it was unlikely the natterin-4 encoding homologue was a chimera that had arisen as a sequence assembly artefact, or that the gene was sequenced owing to fungal or bacterial contamination of the original genome sequencing template.

Accurate detection and classification of HGT events is a major computational and conceptual challenge ([@CIT0031]). Herein we used a phylogeny-based approach for gene-species tree reconstruction to better detect HGT events across diverse prokaryotic and eukaryotic species that co-exist in close symbiotic relationships. When the *A. digitifera* natterin homologue was used as a query to search the NCBI NR database by BLASTp, the highest-scoring hits were surprisingly similar to sequences of fungal and bacterial origin, rather than to animals. This was unexpected because natterin was first described and, the toxic action thereafter, extensively studied in teleost fish ([@CIT0042]). Homologues of natterin-4 were uncovered in seemingly very divergent animal lineages including coral *Orbicella faveolata*, butterflies, flatworms as well as several other teleost fish. The amino acid sequence of the natterin-4 homologue from *A. digitifera* could be roughly divided into N-terminal and C-terminal portions. The C-terminal portion of *A. digitifera* and *O. faveolata* natterins aligned closely to the corresponding portion of the *natterin-4* gene sequence of *T. nattereri*, which is also believed to be the region of the protein most closely associated with toxic biological actions ([@CIT0023]). *Natterin*-like sequences from non-coral invertebrates (insects and flatworms), however, showed high divergence in alignment to C-terminal region of fish and coral natterins. A Bayesian method (MrBayes) for tree construction used the Metropolis--Hastings Markov Chain Monte Carlo (MCMC) simulation ([@CIT0032]) with ClustalW2, MUSCLE and T-Coffee multiple sequence alignments as inputs. All simulations gave good convergence, with average standard deviation of split frequencies \<0.01 and a convergence value (Potential Scale Reduction Factor) approaching 1.0 ([@CIT0015]). Analysis of the phylogenetic tree ([Figure 1](#F1){ref-type="fig"}) positioned the natterin-like sequences into five distinct clades corresponding to fungi, bacteria, corals, fish and non-coral invertebrates.

![Phylogeny of natterin-4 homologues from different kingdoms of life. **A** shows phylogenetic tree reconstructed using MrBayes tool for Bayesian phylogeny, while **B** shows maximum likelihood (ML) phylogenetic tree generated using MEGA X. Fungal sequences are highlighted in green; Bacteria in purple; Cnidaria in blue; Fishes in orange; and invertebrate animals in red.](JVR-10-7-g001){#F1}

Examination of the phylogenetic tree placed the natterin-4 homologue of *A. digitifera* in closer evolutionary proximity to microorganisms rather than clustering with natterin-4 sequences of other animals ([Figure 1](#F1){ref-type="fig"}). This positioning of corals close to microorganisms was observed in both Bayesian and maximum likelihood based phylogenetic reconstruction ([Figure 1](#F1){ref-type="fig"}), and was consistent between trees reconstructed using ClustalW and MUSCLE multiple alignment algorithms ([Figure 1](#F1){ref-type="fig"} and [Figures S1-S4](#s1){ref-type="supplementary-material"}), but not with the tree reconstructed from the T-Coffee Expresso alignment, which grouped coral natterin-like sequences with invertebrate ([Figures S5](#s1){ref-type="supplementary-material"} and [S6](#s1){ref-type="supplementary-material"}). This discrepancy between structure based alignment (Expresso) and more traditional sequence-based alignments (ClustalW and MUSCLE) was possibly due to lack of appropriate protein structures for natterin-like sequences. To identify potential bias in multiple alignment, we reviewed alignments of input sequences and structural temples used by Expresso (PDB structures 1W3GA and 5H1A), and found that alignment of templates to input sequences covers less than 30% of input sequences. In addition, templates were found to be highly dissimilar (pairwise BLASTp e-value 1.3 and 17% coverate). Thus, we discarded Expresso alignments as biased due to the lack of appropriate templates, and instead used alignment-free clustering approaches to test the validity of phylogenetic trees based on MUSCLE and ClustalW alignments. The CLANS method identified two clusters in natterin-like sequences: coral and fungi sequences formed a cluster, as did fish sequences, while invertebrates and bacteria did not make clear clusters. The coral-fungi cluster was found to be well connected to fishes, while both clusters showed loose association with invertebrates ([Figure 2](#F2){ref-type="fig"}). Given that corals are metazoans, clustering of corals with fungi would seem counterintuitive to the established tree of life and, thus, provides endorsement for a possible HGT event from microorganisms to *A. digitifera*.

![Blast-based clustering of natterin-4 sequences. Figure shows CLANS-generated network of all-against-all BLAST searches of natterin-like sequences from animals, fungi and bacteria. Network based clustering identified two main clusters in data: Cluster 1 (encircled in blue) is composed of coral sequence (nodes 0,1) and fungal sequences (nodes 17-25), while Cluster 2 (encircled in green) comprises fish sequences. Invertebrate sequences (nodes 9-13) were found to be connected, while bacterial sequences (nodes 14-16) do not connect to other bacteria. Connections indicate pair-wise blast results with e-value below 1.0e-10.](JVR-10-7-g002){#F2}

Fungal targeted ITS barcode sequences were acquired from tissues removed from *A. digitifera* specimens also collected on the Great Barrier Reef. The sequences clustered with corresponding ascomycete and basidiomycete ITS sequences by both NJ and ML approaches. An abundant fungal_sv_5 sequence clustered using a naïve Bayes classifier with a high matching homology confidence score of 0.98 to a species of the genus *Phoma*. A genome sequence for *Phoma* is not presently available to mine for natterin-like homologues and, no natterin-like gene sequences from *Phoma* species have been deposited in any publically available database. Nonetheless, species of the genera *Phoma* and *Epicoccum* are closely related based on phylogenetic analysis ([@CIT0001]; [@CIT0011]), and so provides anecdotal evidence that a fungal donor of the natterin-4 gene is possible from the fungal microbiota of *A. digitifera.*

Cnidaria are arguably the most basal of the extant Metazoa to be venomous for which fossil records exist dating to at least the Neoproterozoic times, \~650 million years ago, long before the Cambrian radiation and the evolutionary split with bilateria ([@CIT0039]; [@CIT0036]). Despite the early divergence of cnidarians, the toxin diversity of cnidarian venoms is just as complex as the toxin complement of major groups of venomous bilaterians including marine snakes, perhaps reflecting their long evolutionary history and diverse lifestyles ([@CIT0016]). Phylogenetic analysis in [Figure 1](#F1){ref-type="fig"} indicated that the *A. digitifera* naterin-4 homologue formed a cluster with microorganisms rather than animals, which implied that a fungal to coral HGT event potentially occurred prior to cnidaria -- bilateria split. The *A. digitifera* *natterin-4* homologue grouped closer to fish sequences rather than to the cluster composed of arthropod sequences, which again is contrary to passage down standard evolutionary lines following vertical transmission, but consistent with both coral and ancestral fish acquiring the gene possibly via a second HGT event. Interestingly, the arthropod sequences could be attributed to known venomous arthropod taxa, however, with the exception of *T. nattereri* this was not the case for the remaining representatives of the fish cluster. We suggest that following a HGT evident into fish, the natterin-4 homologue was passed across fish taxa by divergent evolution but in doing so, toxic function was lost and has now been repurposed into a non-toxic alternative physiological function in modern day fish. Evidence in support of a non-toxic function for natterin-like proteins found in other non-toxic animals comes from a very recent study of the Pacific oyster *Crossostrea gigas* ([@CIT0038]) which described a novel type of Mannose-specific Lectin designated CGL1, named natterin-3 in the Uniprot database (entry: K1QRB6). This protein shared 26 % amino acid sequence identity (43 % sequence similarity) when we used a pair-wise alignment to compare with the toxic C-terminal region of natterin-4 of *T. nattereri*. The CGL1 amino acid sequence has been shown to share between 30-39 % identity with the other proteins from non-venomous animals, for example, DM9 protein from *Drosophila melanogaster* and with 170 other *Diptera* proteins of unknown function ([@CIT0030]; [@CIT0038]).

Conclusion
==========

The classic 'birth and death' model of venom toxin diversification through gene duplication, followed by evolution of a toxin function by one of the copies has been modified to include the possibility that gene evolution is a dynamic process, and can include the possibility of reverse gene recruitment to non-toxic functions. We offer data that shows potential phylogenetic evidence for HGT of a natterin-4 homologue from fungi to the coral *A. digitifera*. The role of HGT of toxin encoding genes in the evolution of animal venoms maybe contrary to conventional thinking on the evolution of toxin diversification, but perhaps warrants more profound experimental consideration, particularly for toxin evolution in early diverging metazoans such as exemplified by the Cnidaria ([@CIT0016]). The recent plethora of publicly available cnidarian genome sequences would greatly facilitate such investigations ([@CIT0018]; [@CIT0029]; [@CIT0037]).
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